BMP-4 is a transforming growth factor /3 (TGF-0) superfamily member which plays important roles in various developmental processes in vertebrate embryogenesis. In this study the expression pattern of BMP-4 was examined during early chick and quail embryonic development. Transcripts were found in the lateral ridges of the neural plate during neurulation and in dorsal regions of the neural tube after its closure along the whole length of the neural axis. To investigate the role of BMP-4 expressed in dorsal regions of the neural tube, cells producing BMP4 were grafted ectopically in the paraxial mesoderm in E2 chick embryos at the level of somites 16-22. Ectopic BMP4 induced Msx-I and MSX-2 gene expression in superficial ectoderm and superficial mesodermal cells which normally do not express these transcription factors. Moreover, it could be seen that in the E9 operated embryos, additional cartilage had been induced at the level of the graft. These results suggest that BMP4 produced by dorsal regions of the neural tube acts as an endogenous inducing signal in the activation of the genes of the Msx family which are likely to be part of the cascade of molecular events leading to subcutaneous cartilage formation. Therefore, BMP-4 expression in the tissues located dorsally in the neural tube and superficial ectoderm is proposed to be involved in the development of the spinous process of the vertebra.
Introduction
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor #I (TGF-8) superfamily which have been originally identified by their ability to induce bone formation (Urist et al., 1979; Wozney et al., 1988) . Recent studies showed that BMPs also play important roles as signalling molecules in vertebrate development (Kingsley, 1994) . They are involved in a number of processes such as mesoderm induction (Dale et al., 1992; Jones et al., 1992) , skeletal patterning (Kingsley et al., 1992) , tooth development (Vanio et al., 1993) and limb morphogenesis Laufer et al., 1994) . BMP-4 and the closely related factor BMP-2 are vertebrate homologs of the decapentaplegic (dpp) gene product which is involved in dorsoventral patterning of the Drosophila embryo (Wozney, et al., 1988; Lyons et al., 1991 In mouse odontogenesis, BMP-4 was shown to be expressed in the presumptive dental epithelium. Moreover, application of recombinant BMP4 protein to dental mesenchyme cultured in vitro induces expression of Msx genes, a process normally governed by epithelial signalling Vanio et al., 1993) . These findings suggested that BMP-4 is involved in the epitheliomesenchymal interactions governing early tooth development. On the other hand, BMP-4 has been proposed to mediate the patterned regulation of apoptosis in rhombencephalic neural crest at the level of rhombomeres 3 and 5 (Graham et al., 1994) . In these processes the endogenous expression of BMP-4 was always accompanied by the expression of Msx genes, and it was shown that recombinant BMP4 induces the Msx genes in vitro in both tooth rudiments and explanted rhombomeres (Vanio et al., 1993; Graham et al., 1994) . Msx genes (Msx-I, Msx-2) are homeobox-containing transcription factors which are expressed in overlapping or related patterns during vertebrate development (Davidson, .1995 (Robert et al., 1989; Hill et al., 1989; Takahashi and Le Douarin, 1990; Suzuki et al., 1991; Suet al, 1991; Akimenko et al., 1995) .
It has been shown that the expression of Msx genes correlates with the differentiation of subcutaneous skeletal structures. Such is the case, for example, during tooth development (Vainio et al., 1993) and also during the differentiation of neural crest-derived membrane bones in the skull vault and in the lower jaw (Takahashi and Le Douarin, 1990; Takahashi et al., 1991) . The mesectoderma1 primordia of bones of the chick lower jaw express Msx-2 under the control of a signal arising from the mandibular epithelium.
If the mandibular epithelium is removed from explants of the mandibular arch removed at 4 days of development (E4), Msx-2 expression in the mesenchyme is switched off and bone differentiation is prevented (Takahashi et al., 1991) .
Another developing system in which Msx-2 and skeletal differentiation have been correlated concerns the dorsal part of the vertebral cartilage forming the spinous process. The dorsal aspect of the neural tube and the overlying superficial ectoderm and mesenchyme express Msx-I and Msx-2 before differentiating into the piece of cartilage closing the vertebra on the dorsal midline and forming the spinous process (Takahashi et al., 1992) . Implantation of a notochord or a floor plate prevents Msx-2 expression and further development of the spinous process (Monsoro-Burq et al., 1994 , 1995 . Moreover, ectopic grafts of a dorsal neural tube in a lateral position induce Msx-2 gene expression in the superficial ectoderm and somitic mesenchyme followed by the differentiation of extra pieces of cartilage located between the graft and the superficial ectoderm (Takahashi et al., 1992) .
These observations suggest that the dorsal neural tube is providing a signal to the overlying ectomesodermal cells which are induced to express Msx genes and then to differentiate into cartilage. Interestingly, such an induction of both Msx genes and cartilage formation can occur only if the neural tube graft is originally in contact with the superficial ectoderm.
We have thus hypothesized that BMP4 could be involved in the molecular cascade leading to cartilage formation in the dorsal aspect of the vertebra. This prompted us firstly to scrutinize the pattern of expression of BMP-4 in the avian embryo and particularly in the dorsal neural tube at stages preceding the differentiation of the somitic derivatives, and secondly, to test the effect on Msx gene expression and cartilage differentiation of quail fibroblasts transfected with a retroviral construct and producing secreted BMP4.
We report here that the normal spatiotemporal pattern of BMP-4 expression in the dorsal neural tube and overlying tissues is compatible with a role for this molecule in the development of the spinous process of the vertebra. Moreover, implantation of BMP4-producing cells in an ectopic position results in both Msx gene expression and differentiation of extra pieces of subcutaneous cartilage.
Results

BMP-4 is expressed in the dorsal regions of the neural tube
Expression of BMP-4 was recorded in chick (stage 4-18 of Hamburger and Hamilton, 1951) and quail (stage 2-14 of Zacchei, 1961) embryos.
No transcript of BMP4 could be detected in the chick embryo at stage 4 by whole-mount in situ hybridization (data not shown).
At the head-process stage (stage 5 of HH in chick; Fig.  1A ) BMP-4 expression is absent in the Hensen's node, in the anterior part of the primitive streak and in the territory where the cephalic neural plate will form (Fig. 2a) . Transcripts are in contrast present in the lateral region of the posterior two-third of the primitive streak and laterally to the future anterior neural plate (Fig. 1A) . In transverse section at the level of the mid and posterior primitive streak, the epiblast appears strongly positive, whereas the primitive streak itself is only slightly labelled and the endomesoderm is totally negative (Fig. 2b) .
At stage 6 in the region anterior to the Hensen's node, BMP-4 expression is restricted to a lateral zone with respect to the neural plate. In the posterior region of the embryo the expression pattern is the same as before (Fig.  1B) .
At 3-somite stage (stage 8-), the BMPd-positive cells are essentially located in the lateroventral region of the embryo. However, the neural folds are positive in the mid-and hindbrain down to the transverse level of the Hensen's node in the still open neural primordium (Figs. 1C and 2c,d) . More posteriorly, the lateral surface ectoderm is also expressing the BMP-4 message ( Fig. 2e) .
At 6-somite stage (stage S), the neural folds which have fused dorsally at the mesencephalic level have significantly down-regulated BMP-4 expression (Figs. 1D
and 2f), whereas the gene is still strongly expressed from the presumptive level of rhombomere 2 or 3 (according to the fate map established by Grapin-Botton et al., 1995) down to the more posterior level of the neural plate in the sinus rhomboidalis. At lo-somite stage (stage lo), while closure of the neural tube proceeds caudalward, LIMP-4 expression vanishes in the joined folds except at the level of rhombomere 3 and 5 (Fig. 1E) as already described by Graham et al. (1994) . At the level of somite 6 downward, BMP-4 is still expressed in the neural fold. The tailbud, the body wall ectoderm and the lateral plate mesoderm are positive posteriorly to the level of the last somite formed. At 15somite stage (stage 11) BMP-4 expression is no more detectable in the neural tube or the neural folds at the level of the 15 somites formed (Fig. 1F) . A strong expression is seen in the tailbud and caudal lateral plate mesoderm. Subsequently, after 16-somite stage (stage 12 of HH), BMP-4 begins to be up-regulated in the dorsal neural tube at the level of the last somites formed (Fig.  lG, and Fig. 2g at stage 13) .
Soon after, at 21-somite stage (stage 13) the dorsal aspect of the neural tube and the dorsal superficial ectoderm are strongly positive and the lateral plate mesoderm located posteriorly is also expressing BMP-4 (Figs. 1H and 2g) . At stage 15 of HH (Fig. 11 ) the expression extends throughout the anteroposterior (AP) axis. It is located in the dorsal neural tube except in the roof plate and overlying ectoderm (Figs. 11 and 2h ). At stage 18 of HH transcripts are present in the dorsal portion of the neural tube but no more in the midline region of the roof plate and in the superficial ectoderm (data not shown).
From the stage when the optic vesicles are formed they express BMP4 strongly (Fig. lE-G) . During the developmental stages described above, the same spatiotemporal pattern of BMP-4 expression is observed in quail embryos.
BMP4 can induce ectopic expression of Msx genes in paraxial ecto-mesoderm
The similarity of the expression patterns of Msx and BMP-4 genes in the mediodorsal region of the embryo prompted us to see whether Msx-1 and -2 gene expression could be induced in the paraxial ectoderm and mesoderm by implants of BMP4-producing cells. Primary cultures of chicken fibroblasts were transfected with a retroviral construct overexpressing the mouse BMP4 protein (RCASBP-BMP4).
The supernatant of these cultures was used to transfect the quail cell line QT6 in order to obtain BMP4 producing QT6 cells (referred to as QT6-BMP4 cells). Aggregates of QT6-BMP4 cells were implanted between the paraxial mesoderm and the overlying ectoderm laterally to the neural tube (Fig. 3) . The level of the graft corresponds to that of somite 16-22. The host embryos were at stage 12 of HH (16-18 somites) which corresponds to the time when endogenous RMP-4 is upregulated in the dorsal region. The inserted QT6 cells continued to express BMP-4 transcripts in the operated embryos as seen by in situ hybridization with the BMP-4 probe (Fig. 4D) .
RCASBP-mouse BMP4
E2 chick embryo Embryos were fixed 1 day after the operation at embryonic day 3 (E3) and expression of Msx-I and Msx-2 was tested. In normal embryos, Msx-2 transcripts are found in the roof plate and overlying ectoderm, whereas Msx-f -positive domain extends more ventrally within the neural tube (Monsoro-Burq et al., 1995) . When the BMP4-producing cells had been grafted laterally to the neural tube, the expression of both Msx-1 and Msx-2 was ectopically induced at the graft level (Fig. 4C) . Ectopic expression was localized in the superficial ectoderm and in mesodermal cells adjacent to the implant where normally BMP-4 is not expressed. No induction was observed in the vicinity of the grafted cells when they were not in contact with the dorsal ectoderm. In the control embryos with grafted BMP4-negative cells, none of the Msx genes were induced by the grafted cells, indicating that the induction was due to the BMP4 signal (Fig. 4A) . This ectopic activation of Msx genes mimics the effect of the graft of dorsal neural tube in which Msx-2 was induced in the overlying mesoderm and ectoderm (Takahashi et al., 1992) . Moreover, contact with the surface ectoderm was also crucial for this induction. Thus, our results strongly suggest that, in vivo, the inductive activity of the dorsal neural tube is mediated by BMP4.
Normal cartilage formation was perturbed by QTS-
BMP4 cell implants
The Msx-2-positive dorsal region of the embryo gives rise to the spinous process of the vertebra (Takahashi et al., 1992) . The dorsolateral graft of neural tube results in Msx-2 induction and extracartilage formation in a subcutaneous location (Takahashi et al., 1992) . These data suggest that the signal arising from the dorsal neural tube is involved in dorsal cartilage formation.
In order to test the effects of ectopically produced BMP4 on subcutaneous cartilage development, the skeletal structures of the embryos in which QT6-BMP4 cells have been grafted laterally to the neural tube were ob-of Development 57 (1996) [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] Msx-2 mouse BMP-4 QT6 QT6 -BMP served at E9. Cartilage formation was perturbed at the graft level and the phenotype depended on the position of the grafted cells. When the cells were adjacent to the neural tube, extra pieces of superficial cartilage were observed and the shape of the scapula was altered. When it was grafted more laterally, the scapula and the vertebra were deeply malformed at the graft level (Fig. 5A-C) . In either case additional cartilage pieces were produced in the dorsal side of the graft where Msx genes were upregulated.
Discussion
The role of BMP4 as a ventralizing factor in mesoderm induction has been well-documented in Xenopus embryo (Koster et al., 1991; Dale et al., 1992; Jones et al., 1992; Nishimatsu et al., 1992; Graff et al., 1994) . However, the significance of its expression pattern later in development and particularly its presence in the dorsal midline ectoderm following neural tube closure still raises a number of questions. According to the in vitro experiments carried out with explants of the early neural plate (Liem et al., 1995) , BMP4 is proposed to play a decisive role not only in the maintenance of expression in the dorsal neural tube of genes such as Msx-I, Msx-2 and Pax-J, but also in the specification of neural crest cells in the neuroepithelium.
In the present work we have addressed the question of a possible involvement of BMP4 in the cascade of molecular events leading to the differentiation of subcutaneous cartilage during vertebral development. It was previously shown that dorsal closure of the vertebral arch and growth of the spinous process are correlated with the ex- germ layer progresses from caudal to rostra1 in the lateral plate mesoderm up to the hypobranchial region where its expression pattern has been described by Wall and Hogan (1995) . We have especially focused our attention on BMP-4 expression in the ectoderm during neurulation.
Induction of neurectoderm coincides with a switch-off of BMP-4 expression, except for the neural folds which are BMP-cl-positive at stage 8 of HH at the level of the anterior neural plate before the neural tube closes. The same is true for the neural ectoderm along the whole AP axis as neurulation proceeds caudalward. BMP-4 expression, however, is transiently repressed when the neural folds join in the midline in the head, except for the levels of r3 and r5 where it is maintained for a longer period of time as previously described (Graham et al., 1994) . Later on, BMP-4 transcripts are hardly detectable in the dorsal midline except at the level of the newly closed neural tube (see Fig. lG,H) . At stage 15, BMP-4 expression is reactivated along virtually the entire length of the neuraxis (see Fig. 11 ). From this stage on, Msx-2 and BMP4 patterns of expression are very similar on the dorsal aspect of the neural tube (Takahashi et al., 1992) . Particularly, neither BMP4 nor A4sx genes are expressed in the paraxial mesoderm.
It was therefore interesting to see whether by implanting BMP4-producing cells in the paraxial mesoderm, Msx genes and cartilage differentiation could be induced as they are by implanting the dorsal neural tube (Takahashi et al., 1992) .
When QT6-BMP4 cells were implanted between the paraxial mesoderm and the ectoderm, ectopic expression of Msx genes was induced in the two tissue layers dorsally located to the grafted cells, i.e. the superficial ectodermal and mesodermal cells. In contrast, the mesoderm located laterally or ventrally to the BMP4-producing cells
were not induced to express Msx-I or Msx-2. This may be related to the presence of receptor to the BMP4 signal only in the ectoderm and superficial mesoderm. Another alternative is that BMP4 alone may not be sufficient, at least at the concentrations reached in these experiments, to induce Msx gene expression in mesodermal cells. Another signal provided by the ectoderm would in this case be required for the induction to occur.
Whole mount in situ hybridization
In their in vitro culture experiments, Liem et al. (1995) showed that recombinant BMP4 was capable of inducing Msx genes in ventral neural plate explants. In the above described grafting experiments, we did not observe Msx genes up-regulation in the neural tissue even when it happened to be in close contact with BMP4-producing cells. This absence of induction in the developing neural tube in situ might be explained by an opponent signal arising from notochord and floor plate which antagonizes BMP-4 (Liem et al., 1995) ; this signal mediated by Sonic hedgehog protein may override the BMP4-mediated dorsalizing signal of graft origin. Another alternative is that the competence of ectodermal cells to respond to BMP signals may have significantly decreased or even disappeared at the stages considered here.
The embryos were fixed in 4% paraformaldehyde in calcium/magnesium-free PBS at room temperature for 2 h. They were rinsed in PBS-0.1% Tween 20 (PBT) and dehydrated in 50% methanol-50% PBS and 100% methanol. Subsequently, the high sensitivity procedure of Henrique et al. (1995) was applied. Stained embryos were embedded in gelatin/sucrose, frozen in isopentane at -65"C, and cut in 30pm sections using a cryostat. The sections were then mounted in Mowiol (Calbiochem) and photographed with Nomarski optics.
The receptor for BMP-4 is already cloned in Xenopus and mouse but its precise localization has not yet been studied (Graff et al., 1994; Mishina et al., 1995) . To gain further information about the role of BMP4 in patterning the dorsal vertebra and the neural tube, the localization of its receptor remains to be analysed.
Digoxygenin-UTP-labeled
RNA probes were transcribed according to the manufacture's protocol (Promega). The chick BMP4 probe was synthesized with T3 polymerase using Xbal linearized ~6.1 as a template , which contains the l-953 sequence of the BMP-4 coding region. The mouse BMP-4 probe was made as described by Jones et al. (1991) . Specific probes for Msx-1 and Msx-2 were produced as described by Monsoro-Burq et al. (1995) .
Production of retrovirus infected QT6 cells
QT6-BMP4 cells implanted laterally within the paraxial mesoderm not only induce Msx genes expression in host's ectodermal and mesodermal cells located superficially to the graft, but they also elicit the differentiation of superficial cartilage which is particularly evidenced by the increase in size of the scapula. The origin of this component of the anterior limb girdle has been assigned to somitic mesoderm of segments 15-24 which correspond to the area where QT6-BMP4 cells are implanted (Chevallier, 1977) . Although the involvement of Msx genes in scapula development
has not yet been established, it is clear that local production of BMP4 in the territory which normally yields this bone is able to increase its size by adding extra pieces of subcutaneous cartilage.
RCASBP(A)-mouse
BMP4 which can produce BMP4 protein was described elsewhere (PourquiC et al., 1996) . The retrovirus DNA was transfected to chicken embryonic fibroblasts from O-line chick embryos (BBRSC Institute for Animal Health, Berks, UK) using Transfectum (Biosepra). After 5 days of culture, the supernatant with the viral particles was added to QT6 cell culture for 6 h. After 1 week in culture, 100% transfection was observed by using the anti-gag antibody. This infected cell line (QT6-BMP4) has the activity to override the dorsalizing effects of activin on Xenopus animal cap. Details of the procedure were given in Pourquit et al. (1996) .
Surgical procedure
In conclusion, we demonstrate here that the superficial somitic mesoderm can be induced by BMP4 first to express Msx-I and Msx-2 genes and later on to differentiate into subcutaneous cartilage. This, in our view, is in favour of a role for BMP4 in the differentiation of the dorsal part of the vertebra including the spinous process.
Infected or uninfected QT6 cells which were aggregated in the Petri dish, were implanted into stage 12 (HH) chick embryos. The graft was carried out at the most anterior level of unsegmented paraxial mesoderm under the superficial ectoderm which was dissociated from the underlying mesenchyme by a mild treatments with pancreatin (Gibco) diluted in calcium/magnesium-free PBS.
4. Experimental procedures 4.5. Skeletal staining
I. Embryos
Fertile quail and chicken eggs of commercial source were incubated at 38°C in a humidified atmosphere. Embryonic stages are determined according to developmental tables of Hamburger and Hamilton (1951) for the chick and Zacchei (196 1) for the quail.
Normal or QT6-BMP4 grafted embryos were stained at E9 with alcian blue/alizarine red according to a procedure described in Kessel and Gruss (199 1 
